Progeny DNA of herpes simplex virus type 1 (HSV-1) strain ANG from infections involving defective interfering virus particles (DI DNA) has been described to be of low infectivity in transfection assays due to the presence of viral genomes that interfere with plaque formation by infectious standard genomes. In this study it is shown that this observation applies both for DI DNA containing repetitive defective DNA of the class I type and for DI DNA containing class II-type defective DNA. Restriction endonucleases with recognition sites only in one class of repetitive defective DNA could be used to reduce selectively the interfering activity of DI DNA preparations containing the respective defective DNA in abundance. The results obtained directly implicate repetitive defective DNA as an interfering agent. Restriction endonucleases that create monomeric DNA fragments from class II HSV-1 ANG defective DNA did not abolish the interfering activity of DI DNA containing this type of defective DNA in high abundance, indicating that it is not simply the repetitive nature of defective DNA that is required for interference. Certain DNA fragments shorter than the repeat unit of repetitive defective DNA were still capable of causing interference even in the absence of cohesive single-stranded ends. The common location of cis recognition signals responsible for progeny DNA maturation and initiation of DNA replication on one DNA fragment, however, appeared to be a minimal requirement for interference by fragmented defective DNA.
INTRODUCTION
Serial propagation of herpes simplex virus (HSV) at high multiplicity of infection (m.o.i.) results in the accumulation of defective virus particles and leads to virus stocks that interfere with the replication of infectious standard virus. Viral genomes of low complexity, built up from repeats of restricted regions of the standard genome have been identified as the genomes of defective virus particles. Based on the origin, on the standard genome, of the DNA sequences that form the repeat units, repetitive defective DNA can be assigned to two classes (class I and II) (for review, see Frenkel, 1981) . The existence of non-infectious defective genomes of higher complexity is difficult to prove but cannot be excluded at present. It has not been possible directly to identify viral genomes that are responsible for interference, as the interfering particles cannot be separated from infectious virions (Bronson et al., 1973; Schr6der & Urbaezka, 1978) . Studies concerning the identity of interfering genomes are based on comparisons of the degree of interference exhibited by individual virus passages to the proportion of identifiable defective genomes contained in them and have yielded conflicting results (Frenkel et al., 1975 ; Murray et al., 1975 ; Schr6der et al., 1975/76; Stegmann et al., 1978; Frenkel, 1981 ; Locker et al., 1982) .
Recently, it has been shown that viral HSV-1 DNA containing interfering genomes (DI DNA), as it is obtained after serial passages of the virus, displays a greatly reduced infectivity in a transfection assay (Hennes-Stegmann & Schr6der, 1982) . This reduction in DNA infectivity could be attributed to the presence of genomes in DI DNA that interfere with plaque formation by potentially infectious genomes. Limited random shearing, yielding DNA fragments having an average molecular weight of 2 x 107, did not reduce the interfering capacity of DI DNA. In this study DI DNA was fragmented using restriction endonucleases (REs) that either do not cleave in repetitive defective DNA or selectively cleave in repetitive defective DNA of one class while leaving the other unaffected, in order to identify directly the genomes responsible for interference. Two DI DNA preparations differing in their defective DNA moiety were compared. From the data obtained it can be concluded that class I and class II defective DNAs interfere with the plaque formation by potentially infectious standard DNA. The interfering activity of repetitive DNA can be selectively affected by the use of appropriate REs. However, REs that cleave only once per repeat unit of defective DNA do not necessarily destroy its interfering capacity, indicating that it is not the repetitive DNA structure itself which causes interference. Following multiple cleavage, interference mediated by a trans-acting protein could be eliminated as a major mechanism and, also, a subregion of the repeat units of class II defective DNA, essential for interference, could be defined.
METHODS

Cells.
African green monkey kidney cells, RC-37 (Italdiagnostic Products, Rome, Italy), and BSC-1 cells (American Type Culture Collection) were routinely grown either in glass bottles or in plastic Petri dishes in a humidified 5 ~ CO2 incubator. The basal medium of Eagle containing a twofold standard concentration of amino acids and 7~ (v/v) foetal bovine serum, and the same medium but containing non-essential amino acids served as the growth media for RC-37 and BSC-1 cells respectively. For maintenance, RC-37 cells were split 1 : 7 each week and BSC-1 cells 1:4 each week.
Viruses. A DNA plaque-purified HSV-1 stock of strain ANG (Schr6der et al., 1975/76 ) that had been passaged four times at low m.o.i. (0.01 p.f.u./cell) on RC-37 served as standard (ST) virus that was used for infection of cells and subsequent isolation of intracellular ST ANG DNA. HSV-1 WAL with a similar passage history (Schr6der et al., 1981) , a syn ÷ strain in contrast to HSV-1 ANG which is syn, served as a second ST virus. HSV-1 ANG that had been passaged four times at high m.o.i, as previously described served as a virus stock containing virus particles with class I repetitive defective DNA (Stegmann et al., 1978; Hennes-Stegmann & Schr6der, 1982) . A second independent series of passages of HSV-1 ANG at high m.o.i, had resulted in the generation of a virus stock with virus particles containing in a high proportion (more than 50~) class II defective DNA (Schr6der et al., 1975/76) . In co-infections with ST virus both serially passaged virus stocks were shown to interfere (Schr6der & Urbaczka, 1978) .
Preparation of virus DNA. RC-37 cells, 1.5 x 107 cells per 145 mm Petri dish, were infected at an m.o.i, of 3 p.f.u./cell. Medium 199 was used for the development of progeny virus. The cells were washed 24 h after infection with phosphate-buffered saline, and subsequently lysed by the addition of 20 ml 0.01 M-Tris-HC1 pH 7.5, 0-1 MNaCl, 5 x l0 -~ M-EDTA and 1 ~ Sarkosyl. The lysate was incubated with 300 ~tg Pronase/ml overnight at room temperature. Finally, virus progeny DNA was purified by two cycles of banding in CsC1 equilibrium density gradients after addition of solid CsC1 directly to the lysate (1.7 g/ml). Fractions containing virus DNA were stored with CsC1 still present at 4 °C. DNA concentrations were determined by absorbance measurements.
Restriction enzyme analysis. Restriction enzymes were purchased from Boehringer Mannheim or from Bethesda Research Laboratories. For digestion of purified virus DNA, CsCl-containing DNA samples were precipitated using 3 vol. 70~o (v/v) ethanol/water. The resulting DNA precipitates were washed once again using 70~ ethanol. Subsequently, the DNA was dissolved in water. Digestions were carried out as specified by the companies that provided the individual enzymes. Digestion of one DNA sample with two REs was carried out simultaneously if the conditions were compatible, or else consecutively with the enzyme requiring lower salt concentration being used first. Digested DNA samples were incubated at 60 °C for 10 min and rapidly cooled to 0 °C. For analytical purposes, RE digests were electrophoresed in 0.6 to 0.8~ agarose horizontal slab gels. DNA was visualized by ethidium bromide staining and u.v. irradiation.
Transfection assay. Purified virus DNA was analysed for its biological activity, infectivity and interfering capacity, by the calcium phosphate technique essentially as described by Graham et al. (1973) , except that cells were transfected in suspension. Specifically, BSC-1 cells, at 6 to 8 days after subcultivation, were trypsinized and suspended in HEPES buffer. Aliquots of 2 x 106 cells were pelleted, resuspended with 1 ml of the individual DNA~alcium phosphate precipitates usually containing 0.05 or 0.1 ~tg virus DNA (ST DNA + DI DNA) plus 10 lag of calf thymus DNA and shaken for 45 min at 37 °C. Subsequently, 5 x 106 BSC-1 cells, trypsinized and suspended in 20 ml basal Eagle's medium supplemented with 1 ~o (w/v) carboxymethylcellulose and 5 ~ (v/v) foetal bovine serum, were added. The resulting mixture of transfected BSC-1 cells and BSC-1 indicator cells was seeded into four 60 mm Petri dishes. Plaques were counted after 4 days at 37 °C. A linear relationship was obtained between the amount of ST virus DNA and the number of plaques from 0.001 to 0.5 lag DNA. Purified virus DNA was assayed for its biological activity in transfections either following digestion or untreated with CsCI still present; up to 0.1 M-CsCI in the DNA-calcium phosphate precipitate did not significantly affect plaque formation. Infectivities determined for ST virus DNA varied considerably, and ranged from 3000 to 50000 p.f.u./~tg.
RESULTS
Repetitive defective HSV DNA of either class I or H is capable of causing interference
The two DI DNA preparations used in this study were isolated (i) from cells infected with serially passaged HSV-1 ANG that contained defective particles with DNA predominantly of the class I type (DI DNA 1) and (ii) from ceils infected with virus of an independent series that had yielded particles with defective DNA predominantly of the class II type (DI DNA 2). The DNA fragment pattern of DI DNA 1 and 2 following digestion with the RE BamHI and separation in a 0.8 ~ agarose gel compared to the respective pattern of HSV-1 ANG standard DNA is shown in Fig. 1 . The high intensity of a DNA fragment band in DI DNA 1 (marked by an arrow) co-migrating with BamHI fragment Y of standard viral DNA indicates the presence of class I defective DNA in DI DNA 1. Fragment Y maps within the S terminal redundant region of standard DNA (Wilkie et al., 1978) and is therefore also generated upon cleavage of class I defective DNA which contains this DNA region as part of its repeat units (Frenkel et al., 1975) 1983) indicates the presence of class II defective DNA, the repeat units of which comprise the nucleotide sequences of this fragment (Kaerner et al., 1979; Frenkel, 1981) . Both DI DNA 1 and 2 interfered with plaque formation by infectious HSV-1 WAL standard (ST) DNA in transfection assays (Table 1 ). The degree of their interfering activity following digestion with REs that selectively cleave in class I or class II defective DNA was determined and compared to the plaque yield of uncleaved HSV-1 WAL ST DNA alone and of uncleaved HSV-1 WAL ST DNA plus HSV-1 A N G ST DNA cleaved with the appropriate RE. The REs EcoRV and ClaI each introduce a single cut in the repeat unit of class II defective DNA while leaving class I defective DNA unaffected, because they do not cleave in the S region of standard DNA from which class I defective DNA originates. Simultaneous cleavage of DI DNA I with EcoRV and ClaI and subsequent separation of the resulting fragments in an agarose gel revealed as expected a high proportion of slow-migrating, apparently uncleaved, viral D N A (Fig. 2) . It is noteworthy that the interfering activity of DI DNA 2 is completely resistant to HindIII and EcoRI with specificity for class I defective DNA, while the interfering activity ofDI DNA 1 appears to be somewhat reduced by ClaI and EcoRV with specificity for class II defective DNA (Table 1 ). This observation is probably due to the presence of a low proportion of class II defective DNA in DI DNA 1 which is represented by the fraction of DNA that is apparently resistant to EcoRI and HindIII digestion (Fig. 2) . Digestion of DI DNA with REs that do not cleave in the known types of repetitive defective DNA had little or no influence on the degree of (Fig. 2 and Table 1 ).
Interference by DI DNA 2following digestion with restriction endonucleases creating monomeric DNA fragments from class H defective DNA
The following experiments were carried out with DI D N A 2 since it contains defective D N A apparently in higher abundance than does DI D N A 1 (Fig. 1) . Furthermore, a detailed physical map of the repeat unit of HSV-1 A N G class II defective D N A has been established. Fig. 3 shows the relevant sites for the REs used in this study.
To determine whether it is the repetitive nature of the transfecting defective D N A by itself that is required for_interference, samples of DI D N A 2 were cleaved separately with EcoRV or ClaI and with a combination of these two REs. The resulting D N A fragment patterns following separation in an agarose gel are shown in Fig. 4 . As expected for the single-cut REs, EcoRV and ClaI, each RE generates a fragment representing the monomeric unit of class II defective D N A visible as a series of bands that is absent in the digests of standard HSV-1 A N G DNA. As shown in Table 2 , ClaI-as well as EcoRV-digested DI D N A 2 still interfere with plaque formation by potentially infectious standard viral DNA, although at a reduced efficiency by contrast to DI D N A 2 cleaved by both REs. It can be concluded that monomeric defective D N A generated by the appropriate REs has the capacity of causing interference whereas a combination of these REs is able to strongly reduce interference. 
Restriction endonucleases with two or more restriction sites within class H defective DNA and their influence on interference by DI DNA 2
In the following experiments REs with two or more restriction sites within the repeat unit of class II defective D N A were tested as to their ability to destroy interference : BamHI, KpnI, SalI, DdeI, PstI and XhoI were used. The D N A fragment patterns of DI D N A 2 cleaved by these REs are shown in Fig. 1 and 5 together with the respective patterns ofHSV-1 A N G standard D N A . From Fig. 3 it can be noted that BamHI, KpnI, and SaII cleave class II defective D N A within the sequences from Uc isolating the putative origin of D N A replication (Spaete & Frenkel, 1982; Weller et al., 1983) from the sequences from the TRs. DdeI cleaves within the short amplifiable sequence from 'c' (C. P. Gray & H. C. Kaerner, unpublished results) and also within the sequences from UL, thus isolating the 'a' sequence (Grafstrom et al., 1974; Davison & Wilkie, 1981) within an approximately 1 kb fragment. XhoI and PstI both cleave in the sequences from UL leaving the putative origin and the 'a' sequence on one fragment. Of the DI D N A 2 samples digested with individual REs only the one digested with PstI retained most of its interfering activity (Table 3) . It can be concluded that fragments of repetitive defective D N A do not necessarily need to have the full length of a repeat unit in order to bring about interference. Further implications of these data are discussed below. * Virus DNA was used at a concentration of 0.05 ~tg each of ST and of DI DNA per 2 x 106 cells in set 1 and set 3 and at a concentration of 0.025 ~tg in set 2.
t The data in set 1 and set 3 are the mean of three independent experiments with the number of plaques in ST, WAL transfections ranging from 3020 to 30700 per lag virus DNA in set 1 and from 12320 to 30000 in set 3. The data in set 2 are the mean of two independent experiments with a plaque yield in ST WAL transfections of 15000 and 30400 per lag virus DNA, respectively.
The transfection assays in each set were carried out in parallel.
Single-stranded cohesive termini are not a prerequisite for fragmented DI DNA to exert interference
The circularization of monomeric units of defective DNA generated by ClaI and EeoRV is facilitated by the presence of protruding single-stranded cohesive termini and might be a prerequisite for interference to occur. The possible importance of cohesive termini was studied using DI DNA 2 fragments which had been generated by the combined action either of the REs
EcoRV and PstI or of ClaI and PstI (Table 4 ). The former enzyme combination cleaves class 2 defective DNA into two DNA fragments with non-cohesive termini (one EeoRV and one PstI terminus) of 3630 and 3420 bp respectively and a small PstI fragment of 1500 bp; the latter combination generates a large (6000 bp) and a small (1050 bp) DNA fragment, each with noncohesive single-stranded termini, plus the small PstI fragment (Fig. 3 and 6) . In contrast to DI DNA 2 cleaved with EcoRV plus PstI, DI DNA 2 cleaved with ClaI plus PstI still interfered with plaque formation by potentially infectious standard DNA (Table 4 ). This result proves that the combined action of two REs each having little or no influence on the interfering activity of DI DNA does not necessarily result in a loss of interfering activity and indicates that cohesive ends are not a prerequisite for fragmented DNA to exert interference. It should also be noted that double digestion with EcoRV and PstI separates the 'a' sequence and the putative origin of DNA replication whereas that with ClaI plus PstI does not.
DISCUSSION
Interfering HSV stocks contain virus particles with repetitive defective genomes. The identity of these defective virus particles with interfering virus particles has been assumed on the basis of indirect evidence from an apparent correlation of the degree of interference exerted by 502
C. H. S C H R O D E R A N D OTHERS E c o R V + PstI
ClaI + PstI individual virus passages and the fraction of repetitive defective genomes contained within them (Frenkel, 1981) . There are, however, reports, including studies with HSV-1 ANG, which failed to demonstrate such a correlation (Frenkel et al., 1975; Stegmann et al., 1978 ; Schr6der & Urbaczka, 1978) . We have shown previously that the interfering capacity of viral D N A can be directly determined in a transfection assay (Hennes- Stegmann & Schr6der, 1982) . This system for quantifying interference caused by viral DNA is essentially an infectious centre assay: the property determined is the failure of cells transfected with potentially infectious genomes to produce infectious progeny virus which infect neighbouring cells and give rise to the production of plaques. The use of this assay system appears to be appropriate since the reduction of progeny virus formation caused by DI particles is also reflected in a reduction of infectious centre formation (Schr6der & Urbaczka, 1978) . A comparison of virus yields and infectious centre formation in the transfection system used here resulted in similar data regarding the interfering capacity of individual viral DNA preparations (B. Fiirst, diploma thesis, Heidelberg 1983).
The present study deals with the quantification of the interfering activity of the progeny D N A of interfering virus stocks (DI DNA) after specific fragmentation with various sets of restriction endonucleases. The results obtained allow the following conclusions. (i) Interference by DI DNA can be selectively reduced by fragmentation of that class of repetitive defective DNA which is present in abundance. This would indicate that interference is directly related to the DNA sequences forming the repeat unit of repetitive defective DNA. (ii) The repetitive nature of defective DNA is not a major prerequisite for interference. (iii) The minimal structural features required in order that fragmented defective DNA retains the ability to interfere, are t The data in set 1 are the mean of two independent experiments with a plaque yield in ST, WAL transfection of 7500 and 45000 per p.g virus DNA, respectively. The data in set 2 are the mean of three independent experiments with a plaque yield in ST, WAL transfections ranging from 6200 to 27000 per ktg virus DNA.
:~ The transfection assays in each set were carried out in parallel.
that the putative origin (Spaete & Frenkel, 1982; Weller et al., 1983) and the 'a' sequence (Grafstrom et al., 1974) are located on the same DNA fragment. From the data presented the conclusion can be drawn that DNA sequences contained in the repeat unit of the defective genomes are capable of causing interference. Our results, however, do not explain why the kinetics of the appearance of reiterated defective genomes observed during serial passages of the virus differs greatly from that of the build-up of the interfering capacity (Schrfder et al., 1975/76; Stegmann et al., 1978) . These contradictory observations can be reconciled by postulating highly complex genomes generated by recombination (Ben-Porat & Kaplan, 1975 ). An example of such a genome would be one consisting in part of repetitive defective DNA covalently linked to non-defective DNA as reported for pseudorabies virus defective DNA (Rubenstein & Kaplan, 1975) . Such molecules could constitute a variable fraction of the population of interfering genomes. In our experimental system appropriate REs would affect both totally repetitive defective genomes and repetitive DNA stretches that are part of such recombinant genomes. It is difficult to identify and quantify recombinant genomes of the type described. Their existence, however, has been proven both for HSV and other herpes viruses (Frenkel, 1981) .
The results of cleaving the class II defective DNA, DI DNA 2, with the restriction endonuclease ClaI or EcoRV, both of which result in the production of monomeric DNA fragments, would discount the conclusion that the reiterated nature of the DI DNA is a necessary factor for interference. The combined action of these REs, however, brought about a loss in interfering activity. Regarding the map positions of the cleavage sites of EcoRV and ClaI within the repeat unit it was noted that a combination of these cleavages results in the separation of the putative origin of DNA replication (Spaete & Frenkel, 1982; Weller et al., 1983) and the 'a' sequence (Grafstrom et al., 1974) , DNA signals that are essential for viral DNA to replicate and mature (Fig. 3) . This observation was confirmed by the finding that all REs with two or more restriction sites within the defective DNA repeat unit that separate the putative origin of DNA replication destroy the capacity to interfere. An extreme example of this type of fragmentation pattern is seen when DI DNA 2 is cleaved with DdeI. This cleavage results in a large fragment that contains all the sequences present in a class II defective DNA, also reported to be the genome of interfering particles, derived from HSV-I strain Patton (Spaete & Frenkel, 1982) except for the 'a' sequence and approximately 250 bp from the 'c' sequence. However, consistent with the results obtained with the other REs that separate the 'a' sequence from the putative origin, DdeI strongly reduces the ability of DI DNA 2 to interfere.
Cleavage with PstI leaves the putative origin and the 'a' sequence on one large 7050 bp DNA fragment and has little or no impact on the interfering activity of DI DNA 2. Further restriction of the PstI digest with ClaI shortens the large PstI fragment to 6000 bp, but leaving the putative origin and the 'a' sequence on the same fragment, and has no effect on the interfering activity of the DI DNA 2. Contradictory to the results obtained with the double cleavage by ClaI and PstI, cleavage with XhoI, which produces essentially the same fragment, inactivates the interfering activity. This would indicate that additional DNA elements influence the process of interference.
The data presented here are consistent with the hypothesis that the minimal requirements for interference to be exerted by fragmented DNA are the presence of the two recognition signals on one fragment: DNA sequences necessary for the maturation of newly synthesized progeny DNA, the 'a' sequence, and sequences located within the BamHI fragment U that have been postulated to correspond to an origin of replication (Spaete & Frenkel, 1982; Weller et al., 1983) . The reason why, in the case of cleavage with XhoI, interference is lost, is not clear. One possibility would be that the additional sequences at both ends of the large XhoI fragment compared to the large fragment produced by combined cleavage with ClaI and PstI (Fig. 3) are capable of counteracting the formation of an interfering molecule when separated from their neighbouring sequences.
A number of explanations regarding the mechanism by which reiterated defective genomes might exert a biological activity have been proposed that are not mutually exclusive (Frenkel, 1981) . Two of these explanations imply the action of proteins encoded on the interfering genome: the overexpression of a normal regulatory active protein or the production of an aberrant trans-acting protein. Neither of these mechanisms appears to apply to the interference studied here. As stated above, cleavage with DdeI results in a fragment containing all the sequences present in a class II defective which has been reported to be the agent responsible for interference, except for the 'a' sequence and approximately 250 bp of the 'c' sequence, but destroys the interfering capability of the DI DNA 2. The cleavage site for DdeI within the 'c' sequence of the defective DNA is preceded by stop codons in every reading frame and would therefore not affect any coding capacity of the repeat unit (Davison & Wilkie, 1981 ; C. P. Gray & H. C. Kaerner, unpublished results) .
An alternative hypothesis that has been considered is that DNA structures contained within the reiterated defective DNA sequences compete with the infectious genomes for regulatory or replicative proteins. Such competition does not appear to be a major cause for interference, as the various REs used in this study that destroy interference produce overlapping fragments.
The data presented here provide no information as to whether recombinational events are involved in the process of interference. To test this assumption, a study of the fate of the transfecting interfering DNA, its possible replication and the regeneration of defective genomes would be helpful. The use of cloned defective DNA appears to be desirable here but is complicated by the reported instability in prokaryotic cells of DNA sequences containing the putative L origin of DNA replication (Spaete & Frenkel, 1982; Weller et al., 1983) . In general, such a study is hampered by the low efficiency of the calcium phosphate transfection system in which most of the cells take up precipitated DNA but only a small fraction of cells initiate an infectious cycle (Loyter et al., 1982) . The regeneration of defective genomes from monomeric units is possible but requires several passages to obtain a virus stock with a high enough defective genome content to allow their characterization (Vtazny & Frenkel, 1981 ; Spaete & Frenkel, 1982 ; C. P. Gray & C. H. Schr6der, unpublished observations).
At present, we favour the hypothesis that a direct interaction via recombination between DNA sequences containing replication and maturation signals and infectious standard genomes is of central importance for the interference mechanism.
